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Abstract. This paper addresses the demand for high-precision micro-gravity simulation
experiments on large spacecraft and presents the design of a single-axis aerostatic rotary table with
a high load capacity and low disturbance torque. Firstly, the structure of the aerostatic rotary table
is analyzed, and the physical and mathematical models of the aerostatic pressure thrust bearing
are established. Computational fluid dynamics methods are then employed to investigate the
impact of three different aperture throttle orifices on the bearing performance. Through extensive
research on the flow field of the bearing air film, it is discovered that changes in the aperture of
the throttle orifices directly influence the pressure distribution, turbulence intensity, and gas vortex
generation, thereby affecting the performance and stability of the bearing. Based on the calculation
results, a single-axis aerostatic rotary table with a throttle orifice diameter of 0.1 mm is
manufactured, and tests are conducted to measure its disturbance torque and load capacity. The
test results demonstrate that the disturbance torque of the aerostatic rotary table is less than
9.2x107* N'm, and the rated load capacity exceeds 1000 kg. Finally, the research findings offer a
theoretical foundation and data support for the design and development of aerostatic rotary table
with high load capacity and low disturbance torque. This advancement paves the way for a
superior solution in conducting precise micro-gravity simulation tests on large spacecraft.

Keywords: micro-orifice throttling, thrust bearing, bearing performance, micro-gravity
simulation, aerostatic rotary table.

1. Introduction

The frequency of human space exploration activities has increased with the advancement of
space technology, resulting in more complex and precise requirements for spacecraft tasks. This
has created an urgent need for high-precision micro-gravity simulation technology [1]-[3]. The
aerostatic rotary table system offers an ideal solution for achieving precise spacecraft ground
simulation to address this demand [4]-[6].

The aerostatic rotary table system utilizes the air float bearing as its core component and
employs high-pressure gas to create a thin gas film between the spacecraft and the bearing base,
effectively simulating a micro-gravity environment [7]-[8]. This allows for precise attitude and
motion simulation. In the field of air float system design, development, and utilization, numerous
explorations have been conducted by esteemed researchers in the United States, Russia and China.
As early as 1959, the United States Army Ballistic Missile Agency developed the first aerostatic
rotary table, a remarkable achievement in its time. This aerostatic rotary table was primarily
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utilized for satellite attitude simulation, with a maximum load capacity of 400 kg, demonstrating
its remarkable precision and stability [9]. Subsequently, in 1967, the China Academy of Space
Technology developed a three-axis aerostatic rotary table for attitude control simulation of
recoverable Earth orientation observation satellites. In collaboration with Russian design units at
the beginning of this century, they produced a large, high-precision three-axis aerostatic rotary
table with a maximum load capacity of 1000 kg and a vertical axis disturbance torque less than
2.3x103 N'm. It is used to eliminate initial offset simulation of spacecraft [10]. In 2003,
Honeywell Space Laboratory in the United States designed a connected structure aerostatic rotary
table for satellite dynamic control test. This aerostatic rotary table has a maximum load capacity
of 1360 kg and can reduce system disturbance torque to 1.33x10 N-m [11]. Additionally, the
European Space Agency, Germany, and Japan have also developed various forms of aerostatic
rotary table to meet the specific needs of their space missions [12]-[14]. In recent years, with the
diversification of space missions, Liu et al. designed a single-axis acrostatic rotary table with
active compensation based on small orifice throttling to meet the needs of ground test verification
of the attitude control system of micro/nano satellites. The disturbance torque of the aerostatic
rotary table is less than 2x10-3 N-m, but the rated carrying load capacity is only 50 kg [15]. Du et
al. made a theoretical analysis of the 5000 kg triaxial aerostatic rotary table of Shanghai Academy
of Spaceflight Technology, proposed a new method for judging the disturbance torque of large
axial aerostatic rotary table, and concluded that the maximum disturbance torque of the aerostatic
rotary table could be controlled within 9.48x10- N-m [16]. Hernandez-Herrera et al. developed a
three-axis aerostatic rotary table suitable for the verification of attitude control systems of micro-
satellites in a vacuum environment and successfully tested the aerostatic rotary table weighing
4.385 kg [17]. Zhang et al. designed an aerostatic rotary table system based on an all-porous
bronze throttle to ensure that the rated load of the aerostatic rotary table is 150 kg and the
disturbance torque of the aerostatic rotary table is less than 9x10** N-m [18].

In light of the increasingly stringent requirements for simulation accuracy due to the
anticipated improvement in spacecraft quality, the design of aerostatic rotary table must address
the challenge of enhancing load capacity while minimizing disturbance torque. Consequently, this
paper concentrates on investigating the influence of the bearing orifice on the distribution of the
flow field within the air film. Additionally, a single-axis aerostatic rotary table with high-load
capacity and low disturbance torque is designed, utilizing micro-orifices throttle. The prototype is
subjected to simulation and testing, enabling the provision of a solution for conducting future
micro-gravity simulation tests on large spacecraft.

2. Modeling
2.1. Structure and working principle of aerostatic rotary table

The monobloc aerostatic rotary table utilizes a “T” configuration for its aerostatic rotary table.
The thrust bearings consist of upper and lower thrust bearings, as well as radial bearings, which
provide axial load capacity to the aerostatic rotary table. During operation, the upper thrust bearing
supports the axial load, while the lower thrust bearing restricts the flotation of the aerostatic rotary
table and compromises some of its load capacity. On the other hand, the radial bearings offer radial
load capacity to the aerostatic rotary table, preventing tilting and reducing frictional losses in the
rotor. The structural depiction of the aerostatic rotary table can be observed in Fig. 1.

The aerostatic rotary table, during operation, achieve a state of static equilibrium through the
collective influence of their own weight, external loads, as well as the air film forces generated by
the upper and lower thrust bearings, they satisfy the following Eq. (1):

F+G+F,—F =0, (1)

where F is the load capacity, G is gravity, F; is bearing capacity of upper thrust bearing, F,
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bearing capacity of lower thrust bearing.

Therefore, the coupling performance of the upper and lower thrust bearings determines the
static and dynamic characteristics of the axial capacity, stiffness, and air consumption of the
aerostatic rotary table, the axial capacity of the air floating bearing can be calculated using Eq. (2):

W=F —F, =G+F, )

where W is the aerostatic rotary table bearing capacity.
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Fig. 1. Structure diagram of aerostatic rotary table

The upper thrust bearing on the acrostatic rotary table has an outer diameter of 440 mm, an
inner diameter of 182 mm, and is equipped with three rows of air supply. The lower thrust bearing
on the aerostatic rotary table has an outer diameter of 264 mm, an inner diameter of 182 mm, and
is equipped with a single row of air supply. Table 1 displays the detailed parameters of the
bearings. This study aims to compare and analyze the effects of three different simple
straight-orifice throttle orifices (Type A with a diameter of 0.1 mm, Type B with a diameter of
0.08 mm, and Type C with a diameter of 0.06 mm) on the performance of the bearings.

Table 1. Dimensions of the aerostatic bearing

Parameters Unit | Value
Inner diameters of the upper thrust bearing mm 180
Out diameters of the upper thrust bearing mm | 450

Distribution circle diameter of upper thrust orifice—I | mm | 232
Distribution circle diameter of upper thrust orifice—1I | mm | 312
Distribution circle diameter of upper thrust orifice—III | mm | 390

Number of upper thrust orifice — I pcs 24
Number of upper thrust orifice — 11 pcs 30
Number of upper thrust orifice — I1I pcs 36

2.2. Bearing modeling

In the study of acrostatic rotary table conducted in this paper, the high-pressure gas follows
the principles of mass conservation, momentum conservation, and energy conservation. The study
employs finite element analysis software to address the problem. Given that the high-pressure air
passes through the orifice into the bearing film and swiftly disperses into the surrounding
environment, the flow can be regarded as isothermal throughout this process.

When high-pressure gas flows through the bearing, it adheres to the mass continuity equation,
which is expressed as follows:
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where div(u) = Pl P +5, and x, y, z represent the Cartesian coordinates, u is the velocity

vector, u, v, w denotes the velocity along the x, y, z directions, p is the fluid density, t is time.
The equations for conservation of momentum in the x, y, and z directions are expressed as
follows:

dpw . 9P 0ty 0t 01,
- 4
ET: + div(puu) 6x+ Ep + dy + 37 + f 4)

d(pv) N 0P 01y, 0Ty, 014
s i = —— 5
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where P is the air pressure in the bearings, f; f, f; is the force on the body, 7 is proportional to
the deformation rate of the fluid.

According to the first law of thermodynamics, the expression for the law of conservation of
energy is:

00T | ivepiry = 2 (X graar ) + s, )
ot ox \c, ’

where T is the temperature, A, is the fluid heat transfer coefficient, c,, is the specific heat capacity,
gradT is the gradient of the temperature, and Sy is the viscous dissipation energy.

2.3. Computational modeling

In previous studies on the grid division of air film in air foil bearings, due to the axial symmetry
of the bearings, the bearing model is simplified as a periodic model and structured grid division is
used to achieve better computational speed and accuracy [19]-[21]. In this paper, a one-sixth air
film of a thrust bearing is taken as the computational domain, and the structured grid division of
the bearing air film is performed using Gambit software [22]. To guarantee the accuracy of the
calculation, the model is partitioned and the mesh adjacent to the throttle hole is densified. The
partitioned grid model is mainly composed of structured grids. By reasonably setting the number
of nodes, the grid quality of the model is extremely high, and the grid independence is verified to
limit the number of grids within the ideal range while ensuring the computational accuracy. The
scale of the grid cells is approximately 1.1 million, with an EquiSize Skew of 0.066. The grid
quality meets the computational requirements, and the boundary conditions of the bearing grid are
shown in Fig. 2(a), while the bearing grid is shown in Fig. 2(b).

The grid model will be imported into the Computational Fluid Dynamics (CFD) simulation
software ANSYS FLUENT 19.2 for calculation after discretization. The flow inside the air film
will be simulated using the k-epsilon turbulence model, and the SIMPLE algorithm will be
employed for solving. The SIMPLE algorithm is a method used to solve the coupling of velocity
and pressure, enforcing mass conservation and obtaining the pressure field through the mutual
correction relationship between pressure and velocity. This algorithm has been widely validated
by researchers to meet the accuracy requirements [23]. The remaining boundary conditions are as
follows:

(1) The absolute ambient pressure is 101325 Pa, and the relative ambient pressure is 0.

(2) The relative inlet pressure at the bearing inlet is 0.5 MPa, and the relative pressure at the
bearing outlet is 0.
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(3) The high-pressure gas is treated as ideal air with a density of 1.225 kg/m?>.
(4) The continuity and velocity convergence residuals are set to 1E-4, indicating the desired
level of solution convergence.

Pressure
Periodic inlet

Pressure
outlet

Orifice

Air film

Pressure
outlet

a) Computational domain and boundary conditions

b) Computational meshes
Fig. 2. Calculation model of thrust bearing

3. Analysis of aerostatic bearing
3.1. Influence of orifice diameters on aerostatic bearing performance

By employing CFD, solutions for three distinct categories of bearings with differing film
thicknesses can be computed, Fig. 3 is a concrete calculation. By integrating the pressure acting
on the lower surface of the bearing film, the load capacity of the bearing film can be determined
as depicted in Eq. (8):

F, = f f (P — Py)rdr de. ®)
0

According to the variation of the bearing film load capacity with film thickness, the static
stiffness can be obtained using the finite difference method. The solution is given by Eq. (9):

K=2n AR

)

As shown in Fig. 4(a), it is apparent that the diameter of the throttle orifice significantly affects
the bearing load capacity. Among the three types of throttle orifices examined in this study, there
exists a positive correlation between the diameter of the throttle orifice and the load capacity.
Within the range of calculated film thicknesses, the bearing with a throttle orifice diameter of
0.1 mm demonstrates significantly superior load capacity compared to the other two types of
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bearings. Furthermore, the bearing with a throttle orifice diameter of 0.08 mm exhibits a higher
load capacity than the one with a diameter of 0.06 mm. Consequently, under identical film
clearance conditions, the bearing load capacity increases as the throttle orifice diameter increases.
As the film thickness increases, the load capacity of all three types of bearings displays a
decreasing trend. In Fig. 4(b), the disparity in load capacity among the three types of bearings
initially increases and subsequently decreases with the increase in film thickness. The most
pronounced difference in load capacity between the three types of bearings is observed at a film
thickness of approximately 16 um.

Start
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parameters
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Establish computational
domain and grid division

y

Define boundary conditions

¥

Define calculation method

| ——

Iterative solution based on
finite element method

No

Yes
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performance parameters

Output result

Fig. 3. Procedure flow chart
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Fig. 4. Load capacity of different types of orifices
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Fig. 5(a) illustrates the variation trend of bearing stiffness with film thickness for different
throttle orifice diameters. The stiffness curves of the three types of bearings with different throttle
orifice diameters show an increasing and then decreasing trend with increasing film thickness.
However, there are certain differences in the maximum stiffness values and their corresponding
film thicknesses among the bearings with different orifice diameters. Comparing the stiffness
curves of the three types of bearings, it can be observed that as the throttle orifice diameter
decreases, the maximum stiffness value of the bearing shows an increasing trend, and the
corresponding film thickness for the maximum stiffness value also decreases accordingly.
Furthermore, before reaching the maximum film thickness, bearings with smaller orifice diameters
exhibit higher stiffness. However, after reaching the maximum bearing stiffness, bearings with
larger throttle orifice diameters show even higher stiffness.

From Fig. 5(b), it can be observed that there is a significant correlation between the size of the
throttle orifice diameter and the mass flow rate of the bearing. As the throttle orifice size increases,
the gas consumption of the bearing continues to increase. Under conditions of smaller film
thicknesses, the differences in gas consumption among the three types of bearings with different
orifice diameters are not significant. However, as the film thickness increases and the internal flow
resistance decreases, the gas consumption of all three types of bearings increases with increasing
film thickness, and the differences in gas consumption among bearings with different orifice
diameters become more pronounced, showing clear distinctions. The throttle orifice diameter is
an important factor influencing the gas consumption of the bearing, especially at larger film
thicknesses, where its impact is more significant.

3007 107
0.1mm s ——(0.lmm
250 el 0l Smim —=—0.08mm
_ *—0X06mm Sl —A—0.06mm
g 200( A E]
z s
@ F g
2 150 Sat
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Z 1001 :
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Alr film thickness (um) Air film thickness (um)
a) Stiffness b) Mass flow rate

Fig. 5. Stiffness and mass flow rate for various orifice diameter
3.2. Analysis of flow field in gas film of bearings and discussions

As shown in Fig. 6, the bearing features a three-row intake orifice structure. High-pressure gas
enters the air film through the intake orifices, creating localized regions of high pressure around
the orifices. This high-pressure gas then diffuses freely in a radial direction towards both ends.
Within the air film, high-pressure gas flows into the inner pressure outlet and the outer pressure
outlet through the first and third rows of throttle orifices, respectively. As it does so, the gas
pressure quickly decreases to the ambient pressure. Simultaneously, a portion of the high-pressure
gas flows towards the second row of throttle orifices, forming a central region of high pressure,
which serves as the main source of load capacity for the bearing. The gas pressure gradually
decreases as it moves from the first row of orifices towards the inner pressure outlet area, and from
the third row of orifices towards the outer pressure outlet area. In the regions between the first and
second rows of orifices, as well as between the second and third rows of orifices, the gas pressure
exhibits a process of initial decrease followed by an increase.

In the comparison of the three types of bearings in the paper, under the same air film thickness,
the gas pressure within the Type A bearing in the a-a section is greater than that of the Type B
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bearing, which is greater than that of the Type C bearing. This is because the gas pressure within
the bearing decreases as the diameter of the throttle orifices decreases, resulting in a decrease in
the bearing load capacity. With an increase in air film thickness, the overall gas pressure within
the bearing decreases. The pressure difference between different throttle orifice bearings at the
same position increases, and there is a phenomenon of a rapid decrease followed by a sudden
increase in pressure near the throttle orifices. The pressure drop phenomenon near the throttle
orifices is an unstable pressure fluctuation, and pressure fluctuations can cause instability in the
gas flow velocity within the air film, leading to changes in the bearing load capacity and potential
damage. Therefore, it is important to try to avoid or minimize the occurrence of pressure drop
phenomena.

When the air film thickness is relatively large, all three types of bearings exhibit pressure drop
phenomena, and as the air film thickness continues to increase, negative pressure appears in the
pressure drop region. Under the same air film thickness, the peak-to-valley pressure of the Type
C bearing is the lowest, and it is the first to exhibit negative pressure at the valley with an increase
in air film thickness. The peak-to-valley pressure of the Type A bearing is always higher than the
other two types of bearings. The degree of pressure drop at the three rows of throttle orifices in
the bearing also varies. The pressure drop peak-to-valley pressure at the second row of throttle
orifices is greater than that of the first row and greater than that of the third row. The distribution
of the throttle orifices in the bearing is closely related to the degree of pressure drop.
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Fig. 6. Pressure distribution in different gas film thickness

Fig. 7 shows velocity contour maps of the throttle orifices at different positions along the radial
section a-a for the three types of bearings. In the Type A bearing, the maximum velocity occurs
around the outlet of the three rows of throttle orifices, while in the Type B and Type C bearings,
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the maximum velocity occurs within the throttle orifices themselves. Comparing the velocity
contour maps of the throttle orifices at different positions in the bearings, it is evident that the gas
velocity within the throttle orifices at position II is significantly lower than at position I and
position III. The maximum gas velocity within the air film also occurs near the throttle orifices at
position III, and this is consistent for all three types of bearings. Therefore, it can be concluded
that the distribution of the throttle orifices not only affects the pressure distribution within the
throttle orifices but also influences the gas velocity within the air film.
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Fig. 7. Speed cloud diagram of different types (h = 24 um)

Fig. 8 shows streamline and turbulent kinetic energy contour maps of the throttle orifices at
different positions along the radial section a-a for the three types of bearings. Comparing the three
types of bearings, it is observed that the maximum turbulent kinetic energy regions occur at the
outlet of the throttle orifices for all three types of bearings. Additionally, at the same position, the
Type A bearing exhibits higher maximum turbulent kinetic energy compared to the other two
types of bearings. However, both the Type A and Type B bearings generate small vortices near
the throttle orifices, while the Type C bearing generates larger vortices. There are also noticeable
differences in turbulent kinetic energy at different positions within the same type of bearing. For
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all three types of bearings, the position II exhibits the lowest turbulent kinetic energy, while
position III exhibits the highest turbulent kinetic energy.

0.1 I
Turbulent Kinetic
Energy (m*2/5"2)
70000
. 60000
50000
0.05F 40000

30000

Height direction(mm)

=

)
116.2

1158 l15.9 116 I16.l

Radial position(mm)
a) Type A bearing position |
0.1

1
Turbulent Kinetic
Energy (m”2/s"2)
z 70000
g . 60000
=1 550000
50051 40000
o 30000
£ | 20000
° 10000
z |
.2b
)
= 0

L L )
115.9 116 116.1 116.2

Radial position(mm)

d) Type B bearing position I

115.8

0.1
11
Turbulent Kinetic
Energy (m"2/5"2)
’E 70000
g ! 60000
= 50000
] -
S8 0.05 40000
5] 30000
2 20000
= 10000
= . 0
1=
]
= 0

y
156.2

. )
155.9 156 156.1
Radial position(mm)

b) Type A bearing position II
01

155.8

I
Turbulent Kinetic
Energy (m"2/s"2)
) 70000
g 60000
= 550000
80051 40000
k3] 30000
£ 20000
= 10000
=z o
=y
D
= 0

L L )
155.9 156 156.1 156.2

Radial position(mm)

e) Type B bearing position 11

155.8

0.1
11
Turbulent Kinetic
Energy (m"2/s2)
- 70000
é . 60000
g 5 50000
§0.05- - 40000
I*g - 30000
g 20000
10000
5 |
2
2
= 0
\ L )
194.8 194.9 195 195.1 195.2

Radial position(mm)
¢) Type A bearing position III
01

111
Turbulent Kinetic
Energy (m"2/s2)
z 70000
g . 60000
= 550000
5005 40000
o 30000
£ | 20000
° 10000
z |
.2b
)
= 0

| L )
194,9 195 195.1 195.2

Radial position(mm)
f) Type B bearing position I1I
0.1

194.8

0.1 0.1
1 I 111
Turbulent Kinetic Turbulent Kinetic Turbulent Kinetic
Energy (m"2/s2) Energy (m"2/s"2) Energy (m”*2/s"2)
z 70000 ) 70000 z 70000
g . 60000 g 60000 g . 60000
=1 550000 = 550000 =1 550000
50051 40000 8 0.05F I 40000 50051 40000
31 30000 k31 30000 k51 30000
= ! 20000 = 20000 = ! 20000
° 10000 = 10000 ° 10000
= . = . 0 = .
.2b =y .2b
) D )
= 0 = 0 = 0

L )
195.1 195.2

194.9 195
Radial position(mm)

i) Type C bearing position I

L )
156.1 156.2

15‘549 l%é
Radial position(mm)

h) Type C bearing position 11
Fig. 8. Streamlines and turbulent kinetic energy contours for various types (h =24 um)

L )
116.1 116.2 194.8

115.9 116
Radial position(mm)

j) Type C bearing position I

115.8 155.8

3.3. Discussion and conclusion

In this paper, the design of the throttling orifices used in the aerostatic rotary table adopts a
simple straight orifice structure. This particular design is influenced by both the diameter of the
orifice and the thickness of the air film. Furthermore, different orifice diameters also impact the
type of throttling that occurs in the bearing. The throttling modes can be categorized into two
groups based on the throttling section. The first category is referred to as small orifice throttling
and occurs when the air film thickness is small. In this case, the throttling area corresponds to the
micro-orifice section. The second category is known as annular throttling and occurs when the air
film thickness is large. In this case, the throttling area is the cylindrical surface formed between
the periphery of the air supply orifice and the bearing clearance. This is shown in Fig. 9,
specifically at the position of annular surface 1.

When high-pressure gas flows near the throttling orifice, the gas flow section reaches its
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minimum at the throttling orifice, and gradually increases as it flows out of the throttling orifice
towards the air film. This structure of decreasing and then increasing flow section is similar to the
structure of a Laval nozzle, as shown in Fig. 10. A Laval nozzle consists of a convergent section,
throat section, and divergent section. When high-pressure gas enters the throat section from the
convergent section, the contraction of the throat section accelerates the gas velocity, resulting in
a high-speed gas flow that slows down when entering the divergent section. When high-pressure
gas proceeds from the convergent section to the throat section, the constriction of the throat section
expedites the gas velocity, culminating in the formation of supersonic flow (Mach number > 1).
Nevertheless, upon its ingress into the divergent section, the flow velocity decelerates, undergoing
a transition from supersonic flow to subsonic flow (Mach number < 1) or transonic flow (Mach
number =~ 1), as shown in Fig. 7.

Air

Contraction
Throat cone

Bearing shell

- 3 < Dilated

segment

Bottom

Fig. 9. Schematic diagram of micro-orifices throttle Fig. 10. Laval nozzle schematic diagram

In the micro-orifice throttling structure, high-pressure gas enters the bearing's air film via the
air cavity above the throttling orifice. The constriction at the micro-orifice section or annular
surface 1 generates a high-speed gas flow into the air film. This process can be likened to the
Laval effect, induced by the micro-orifice throttle, where the orifice diameter critically influences
the static and dynamic properties of the gas bearing. At an air film thickness of 24 um, Type A
bearings exhibit annular throttling at the throttling orifice’s outlet, whereas Types B and C
bearings experience small orifice throttling. Throttling effects occur at the narrowest section of
the orifice in accordance with the Bernoulli principle, facilitating an energy exchange between the
kinetic and potential energy of the high-pressure gas. This exchange results in a velocity increase
at the orifice outlet and a subsequent pressure drop, as shown in Fig. 6.

Furthermore, due to the different diameters and positions of the throttling orifices as well as
the influence of the Laval effect, Type C bearings exhibit significant velocity changes near the
throttling orifice, resulting in more severe pressure drop and the possibility of vortex formation
inside the bearing. The generation of vortex flow reduces the stability of the aerostatic rotary table
and increases the disturbance torque in the bearing, which should be avoided as much as possible.
With the increase in air film thickness, the flow resistance inside the air film decreases, further
exacerbating the pressure drop near the throttling orifice and causing instability in the flow field
inside the air film, leading to an increase in disturbance torque in the bearing.

Through calculations and analysis of the three types of bearings, the impact of the throttling
orifice diameter on the aerostatic rotary table is not only reflected in the bearing's load capacity
and stiffness, but also in the pressure, velocity, and flow field inside the bearing air film. When
high-pressure gas passes through the throttling orifice and enters the air film, the flow area and
flow direction of the gas are changed. High-speed gas flow continuously impacts the bearing wall,
leading to flow separation and changes in velocity direction in this region. As a result, complex
gas flow phenomena occur in this area, and there are differences in the flow field inside the bearing
air film with different orifice sizes and the influence of the Laval effect, as shown in Fig. 8.

Near the throttling orifice, the airflow transitions from orderly laminar flow to turbulent flow,
and at this point, the airflow velocity is high and carries a significant amount of kinetic energy.
Therefore, the regions with the maximum turbulence in different positions of the three types of
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bearings are all located at the outlet of the throttling orifice.
4. Experimental research
4.1. Manufacture of aerostatic rotary table

Based on the previous research analysis, the thrust bearing on the aerostatic rotary table studied
in this paper uses throttling orifices with a diameter of 0.1 mm. In the manufacturing process,
three rows of throttling orifices are used in the thrust bearing of the aerostatic rotary table. To
ensure the smoothness of the thrust surface and other requirements, the main body of the bearing,
upper and lower thrust plates, and the upper and lower air bearing surfaces where the throttling
orifices are located are processed separately. The upper and lower air bearing surfaces and the
radial bearing use 5 mm thick tin bronze plates, while the turntable housing, shaft, and load disc
are made of 7075 aluminum alloy, with the material parameters as shown in Table 2.

Table 2. Material parameters

Material Elastic modulus (GPa) | Poisson ratio | Density (kg/m®)
Tin bronze 110 0.35 8860
7075 aluminum alloy 70 0.3 2700

The machining of the air bearing surfaces is completed, and subsequently, the thrust plates and
bearing body are assembled. Then, laser drilling is used to create the throttling micro-orifices.
Fig. 11 illustrates the configuration of the air bearing.

a) Upper thrust bearing b) Lower thrust bearing
Fig. 11. Bearing of aerostatic rotary table

Fig. 12. Assembled aerostatic rotary table

After assembling the air bearing on the rotating shaft, as depicted in Fig. 12, it is necessary to
test the thrust plate on the bearing in a ventilated state. This test ensures smooth operation without
any sticking, abnormal noise, or vibration. The aerostatic rotary table is designed to have a load
capacity of 1000 kg, with a maximum supplied air pressure of 0.5 MPa. To prevent incidents of
air film pressure failure that could compromise the precision of the aerostatic rotary table, the
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supplied air pressure for the upper thrust bearing during testing is set at 0.2 MPa, while the
supplied air pressure for the lower thrust and radial bearings is set at 0.4 MPa. By conducting the
limit performance test of the air bearing at a lower supplied air pressure, we can gather data to
ensure sufficient design margin for the aerostatic rotary table’s usage.

4.2. Disturbance torque experimental research

The disturbance torque measurement device for the aerostatic rotary table is installed at the
bottom of the turntable shaft. It consists of a Renishaw RESA30USA300B rotary encoder and a
Renishaw RA32BUA300B99V readhead. The pitch of the rotary encoder is 30 um, and resolution
of the readhead is 0.0003”, measurement system accuracy is +0.95”. The measurement device is
shown in Fig. 13. Before the testing process, the bottom of the aerostatic rotary table is leveled
using precision shims to ensure that the angle between the turntable and the ground is less than.
During the measurement process, a small initial velocity is given to the aerostatic rotary table, and
no additional external forces are applied to it afterwards. It can be assumed that the disturbance
torque causes the air-bearing shaft to slowly decelerate until it comes to a stop. The dynamic angle
of the shaft is recorded by the rotary encoder and readhead, and the angular acceleration of the
turntable can be calculated using Eq. (10):

dzo
=—, 10
«=an? (10)
The disturbance torque is obtained by the sum Eq. (11):
M=1I:a. (11)

According to the measurements obtained from the 3D modeling software, the moment of
inertia of the aerostatic rotary table is 1.029 kg-m?. During the testing process, the maximum
angular acceleration recorded was 8.9x107 rad/s?. Therefore, the maximum disturbance torque on
the aerostatic rotary table can be calculated as 9.2x103 N-m. The acceleration curve is shown in
Fig. 14.

Angular acceleration (rad/s?)

‘ v R B
. . . .
Circular grating Reading head
i

3 4
3 Angle (rad)
Fig. 13. Measurement device of the disturbance torque Fig. 14. Angular acceleration measurement results

4.3. Load capacity experimental research

The single-axis aerostatic rotary table test system mainly consists of four components: the
single-axis aerostatic rotary table system, data measurement and acquisition system, air supply
system, and auxiliary fixtures. Fig. 15 and Fig. 16 depict the principle and physical layout of the
test equipment. The test platform primarily consists of the air supply system (1), shut-off valve
(2), SMC PFM711 flowmeter, resolution is 0.1 L/min (3), SMC gas source processor, resolution
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0.05 MPa (4), Data acquisition and processing system (5), Data transmission cable (6),
DataPhysics DP240 vibration and noise analyzer (7), Micro-Epsilon IFS2405 confocal
displacement sensor, resolution 10 nm (8), weights (9), PCB 356A32 triaxial accelerometer,
sensitivity is 100 mv/g (10), single-axis aerostatic rotary table (11), adjustment shims (12),
horizontal base (13), air circuit (14) and triaxial motion displacement platform (15).

(1 10>

Micro-Epsilon
1IFS2405 sensor

DataPhysics
DP240 analyzer

S —

Single-axis | Triaxial motion i
Aecrostatic rotary displacement &8
table [

& Micro-Epsilon
1IFC2422
controllers

a) Aerostatic rotary table and test instruments b) Data acquisition and processing equipment
Fig. 16. Testing apparatus

The high-pressure air required for the aerostatic rotary table is provided by the air supply
system. The high-pressure air is purified, and the pressure is regulated using a pressure regulator
valve. The flow rate is measured using a flowmeter. The high-pressure air is then supplied to the
bearing system through micro-orifice throttles, which form a high-pressure air film between the
bearing surface and the thrust plate to provide support. During the test, the number of weights is
adjusted to change the load on the aerostatic rotary table and thus alter the levitation amount of
the aerostatic rotary table. The confocal displacement sensor is mounted on the triaxial motion
displacement platform and positioned vertically above the upper thrust surface of the bearing. By
recording the displacement changes between the capacitive displacement sensor and the bearing,
the variation in the levitation amount of the bearing can be measured.

According to Fig. 17, the load capacity of the aerostatic rotary table obtained through
experiments and simulations shows good agreement. The numerical simulation results can
effectively predict the changes observed in the experimental values, with an error of less than
10 %. During the testing of the aerostatic rotary table, no abnormal phenomena such as
self-excited vibration or rotational sticking were observed. The test results also indicate that the
thrust bearings using Type A orifices are capable of meeting the design requirement of a 1000 kg
load capacity.
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Fig. 17. Comparison of measured aerostatic rotary table loads
and prediction results from CFD

4.4. Performance comparison

As shown in Table 3, the disturbance torque of the aerostatic rotary table designed in this paper
is less than 2.3x10 N-m of the air-bearing table in Reference [10] and 1.33x10 N-m of the
aerostatic rotary table in Reference [11] with the same load capacity. Additionally, it is also better
than the 9x10* N'm of the aerostatic rotary table in Reference [18] with a load capacity of 150
kg.

Table 3. Performance of different aerostatic rotary table

Aerostatic rotary table | Load capacity (kg) | Disturbance torque (N-m)
Reference [10] 1000 2.3x1073
Reference [11] 1360 1.33x1073
Reference [18] 150 9x10*

Present study 1000 9.2x10

5. Conclusions

This study examines the influence of orifice diameters on the flow field and performance of
an aerostatic rotary table by investigating bearings with varying orifice sizes. To corroborate the
theoretical findings, a single-axis aerostatic rotary table was designed, fabricated, and subjected.
The outcomes of both simulation and experimental evaluation yield the subsequent conclusions:

1) The diameter of the orifice markedly influences the performance of bearings. As the
diameter of the orifice shrinks, the pressure within the air film diminishes, resulting in a decrease
in the load capacity of the aerostatic rotary table. Nonetheless, this decrease in pressure
surprisingly enhances the bearing’s stiffness and significantly reduces air consumption.

2) The introduction of high-pressure gas into the air film via the orifice induces the Laval
effect. Predesigning the orifice and the air film thickness can prevent the formation of intense eddy
currents at the orifice, thus enhancing the stability of the bearings and reducing the disturbing
torque.

3) The aerostatic rotary table based on micro-orifice throttling fulfills the design requirements
of high load capacity and low disturbance torque. The designed single-axis aerostatic rotary table
has a maximum disturbance torque of 9.2x10" N-m and the ultimate load capacity exceeding
1000 kg. This research provides a solution for the precise micro-gravity simulation test of large
spacecraft.

4) In this study, the bearing flow field has undergone a simplification, with the primary focus
being on the intricate flow field characteristics at the throttle hole of the air float table. It is
envisioned that in the subsequent study, a more comprehensive exploration of the overall flow
field will be conducted.
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